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ARTEMIS,	  LADEE,	  and	  LRO:	  A	  Powerful	  
Team	  to	  Study	  the	  Lunar	  Environment!	  	  	  

	  	  

LADEE	  &	  LRO:	  Direct	  and	  spectroscopic	  
observaQons	  of	  neutral	  species	  and	  dust	  

ARTEMIS:	  	  	  	  	  Solar	  wind	  inputs	  
	   	   	  	  	  Surface	  electric	  fields	  
	   	   	  	  	  Ionized	  products	  
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LADEE	  NMS	  Ion	  Mode	  Measurements	  
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Figure 5. A schematic view of the gas and ion path in 
the NMS.  
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Figure 7. The ion source assembly is shown on the 
top left with the open source (OS), closed source 
(CS), and quadrupole deflector (QD). The 
quadrupole rod assembly is shown on the right. 

With ionization filament off, 
NMS measures ions ~<25 eV 
w/ narrow ~5° FOV 

Mahaffy et al., 2014 



NMS	  Ion	  ObservaQon	  Strategy	  
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Probe instruments: 
 
ESA: ElectroStatic Analyzer  

 -Ions, Electrons ~3eV-30 keV 
 
SST: Solid State Telescopes  

 -Ions, Electrons > 25 keV 
 
FGM: FluxGate Mag.  

 -3-axis B measurements, 0.1 nT sens. 
 
SCM: SearchCoil Mag. 

 -B at frequencies 10Hz-4kHz 
 
EFI: Electric Field Instrument  

 -3-axis E fields: DC – 8kHz 

ESA FGM SST EFI SCM 



NMS	  Ion	  Scans	  



NMS	  Measurements	  
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NMS	  Measurements	  Organized	  
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NMS	  DetecQons	  
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Local	  Time	  Dependence	  
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Predicted	  SensiQvity	  

H2
+ 

He+ 

C+ 

Ne+ 

Na+ 

CO+ 

K+ 

Ar+ 



Noble	  Gases	  

Overview of NMS activities: Following the initial 
in-flight checkout and calibration, the instrument 
break-off cap was deployed on 10/04/2013 exposing 
the sensor to vacuum. The instrument has been effec-
tively observing the lunar exosphere since 10/17/2013, 
initially from a near circular 250 km altitude orbit and 
since 11/11/2013 from an elliptical orbit that reaches to 
30-60 km altitude near the sunrise terminator. 

Instrument activities are scheduled to alternate be-
tween mapping campaigns of Helium, Neon, and Ar-
gon at low altitudes, detection of energetic sputtered 
neutrals on the lunar day side, observations of exo-
spheric ions, and general survey and inventory of spe-
cies in the exosphere. These activities are prioritized 
and scheduled to not conflict with resources (power 
and spacecraft pointing) need by UVS observations or 
spacecraft operations. 

 
Early Results From NMS Observations: Owing 

to its very low chemical background at M/Z = 4, the 
NMS instrument was successful at detecting and map-
ping exospheric Helium during the high altitude (250 
km) commissioning phase. This early mapping cam-
paign provided the unique opportunity to observe the 
variation of Helium at a constant altitude and for nearly 
a full lunation. Figure 3 shows results of Helium spatial 
and temporal variability as the Moon moves in and out 
of the Earth’s magnetotail. 

At the end of the commissioning phase and after the 
orbit’s periselene was lowered to ~ 50 km, the NMS 
instrument was able to detect Argon (M/Z = 40) and 

Neon (M/Z = 20). Mapping of the temporal and spatial 
variation of these two species along LADEE’s orbit is 
being conducted systematically. 

 The diurnal variation of Ar follows was already 
observed by the Apollo 17 mass spectrometer [3] and 
can be easily associated with adsorption as the surface 
cools post-sunset and with rapid desorption at sunrise 
as predicted by Hodges and Johnson [3] for a conden-
sable gas, like water vapor. 

Neon exhibits an intermediary behavior between 
the thermally accommodated condensable Argon and 
the non-condensable Helium. 
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 Figure 4. Variations of the abundance (in instrument 
counting unit) of Helium, Neon and Argon along one 
LADEE orbit. Because LADEE’s orbit is elliptical, these 
profiles are the result of the convolution of the longitu-
dinal variation of the exosphere by the altitude variation 
of the spacecraft along its orbit.  

Figure 3. Evolution of the Helium abundance (in in-
strument counting units) as a function of solar local time 
observed during the LADEE commissioning phase. 

Benna et al., 2014 



Noble	  Gases	  

3. Neon

Although the presence of Ne in the exosphere of the Moon was speculated [Hinton and Taeusch, 1964;
Johnson, 1971], credible detections were yet to be confirmed from orbiting or surface experiments [Stern,
1999; Hodges et al., 1973]. The NMS instrument has collected Ne observations over the same locations and
with the same cadence as for He, but instrumental interferences with Ar reduced signal-to-noise ratio of
the Ne measurements on the lunar dayside (Ar2+ signal from exospheric Ar in the instrument ion source
dominates the Ne+ signal). We report here only the more reliable results of the Ne mapping on the
nightside (Figures 2c and 2d). These results provide not only unambiguous detection of Ne in the lunar
exosphere but also its distribution on the nightside. As with He, the abundance of Ne follows the expected
law of exospheric equilibrium for noncondensable gases with a scale height temperature following closely
the surface temperature. The density rises quasi-linearly during the night and peaks just 10° prior to the
lunar sunrise as a result of the progressively decreasing surface temperature. At sunrise, the rapid rise of
surface temperature at sunrise energizes Ne atoms releasing them from their nightside “trap” and causing
the density to sharply drop by more than 2 orders of magnitudes. The surface density at sunrise is
2× 104 cm!3, which is an order of magnitude higher than the reported LAMP upper limit [Cook et al.,
2013]. The noticeable difference in the shape of the Ne and He nighttime distributions and the locations
of the density peaks is the result of the difference of scale height between Ne and He and how localized
they remain once they are trapped in the colder nightside of the Moon.

Figure 2. Helium and neon surface densities and scale height temperatures derived from the NMSmeasurements. (a and c)
Densities (blue) and (b and d) scale height temperatures (blue) were calculated assuming a barometric distribution. Helium
densities reflect the maximum seen during the LADEE mission as a result of the coronal mass ejection of 7–27 February
2014. Average solar wind conditions will yield a density profile with a magnitude 2.5 times lower. The derived scale height
temperature profiles (blue in Figures 2b and 2d) are in agreement with the ones derived assuming exospheric equilibrium
(red in Figures 2b and 2d) [Hodges and Johnson, 1968], and with the surface temperature (black in Figures 2b and 2d)
[Vasavada et al., 2012]. Error bars reflect 3 × standard deviation of the measurement due to counting statistics.

Geophysical Research Letters 10.1002/2015GL064120
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Carbon-‐Bearing	  Ions	  
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Carbon-‐Bearing	  Ions:	  How?	  
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~10,000 cm-3 surface CO can explain both CO+ and C+ 



Previous	  Pickup	  Ion	  Measurements	  

has a hemispherical field of view. Three-dimensional dis-
tribution functions of electrons and ions are measured by a
pair of electron sensors (ESA-S1 and S2) and a pair of ion
sensors (IMA and IEA), respectively. As shown in Figure 1,
SW ions are measured by IEA on the dayside when the
Moon is exposed to the SW. IMA measures the SW only
around the day-night terminator. One of the main roles of
IMA is to measure ions coming from the Moon and to
identify the ion species by mass analysis.

3. Observation

[7] Figure 2 shows a typical measurement of ions orig-
inating from the Moon. During the period of the measure-
ment, the Moon was in the SW, located at (51, !22, 5)RE in
the Geocentric Solar Ecliptic (GSE) coordinate system
where RE indicates the radius of the Earth. Figure 2 (top)
shows energy-time spectrograms from IEA and IMA. The

signatures repeated at two-hour intervals in the spectro-
grams are due to the orbital period of two hours. Figure 2
(middle) shows the satellite position in the Selenocentric
Solar Ecliptic (SSE) coordinate system. The point at latitude
0! and longitude 0! is the subsolar point. The longitude
from !90! to 90! corresponds to the dayside. Figure 2
(bottom) shows the magnitude and directions of the mag-
netic field B in the SSE coordinate system measured by
MAP-LMAG. IEA measures SW ions with energies of
"2.0 keV on the dayside orbits moving from the north-
pole to the south-pole, while IEA has no ion detection in
the lunar wake. SW ions are also measured by IMA near the
terminator at latitude close to ±90!. As reported by Saito
et al. [2008b], IMA detects reflected/scattered SW ions with
energies of "1.0 keV when IEA directly detects SW ions.
What we concentrate on here is that ions with energies of a
few hundreds of electronvolts coming from the Moon have
been detected by IMA mainly in the first half intervals of
the dayside orbits. We propose that the origin of the low-
energy ions is the lunar surface and exosphere.
[8] IMA is a time-of-flight (TOF)-type mass spectrometer

that identifies the ion species by measuring the flight time of
ions inside the sensor [Yokota et al., 2005]. For the
measurement period between 1:00 and 12:00 UT on 2 June
2008, the IMA data were obtained in an operational mode
for mass analysis. The mass profiles obtained by IMA are
shown in Figure 3. The TOF profile corresponds to the mass
profile. Figure 3 (top) shows the energy/charge-TOF profile
of all the ions measured by IMA for the measurement
period. H+ of "2 keV/q and He++ of "4 keV/q are the two

Figure 1. Schematic view of the ion measurement
configuration of SELENE.

Figure 2. (top) Energy-time spectrograms of ions
measured by IEA and IMA of MAP-PACE between 1:00
and 12:00 UTon 2 June 2008. (middle) The satellite position
in the Selenocentric Solar Ecliptic (SSE) coordinate system
is plotted. (bottom) Magnitude and directions of the
magnetic field B in the SSE coordinate system measured
by MAP-LMAG.

Figure 3. (top) Energy-time-of-flight (TOF) profile of the
ions measured by IMA of MAP-PACE between 1:00 and
12:00 UT on 2 June 2008. (middle) TOF profile of the low-
energy and heavy ions (white rectangle of Figure 3, top).
Thin curves indicate the calibration data. (bottom) Detection
points (rectangle) of the low-energy and heavy ions (white
rectangle of Figure 3, top) in the SSE coordinate system.
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Previous	  Pickup	  Ion	  Measurements	  
Halekas et al. 
2013 

CO 

Species	   Surface	  Density	   Scale	  Height	  

C	   2100-‐3200	   31-‐58	  km	  [160]	  

O	   8500-‐11400	   98-‐126	  km	  [120]	  

Ne	   4200-‐26000	   97-‐424	  km	  [80]	  

CO	   6300-‐15000	   71-‐173	  km	  [70]	  

Ar	   15000-‐19700	   43-‐66	  km	  [50]	  

Ne 



Future	  Work	  

•  Re-‐Analyze	  ARTEMIS	  data	  using	  composiQon	  
informaQon	  from	  NMS	  
– Long	  baseline	  compared	  to	  LADEE	  

•  UQlize	  LADEE	  LDEX	  ion	  measurements	  	  
– Very	  high	  sensiQvity	  



LADEE has discovered an unexpected population 
of carbon-bearing ions around the Moon  
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LADEE NMS ion scans  
utilize the Sun as an  
ionization source and  
the solar wind as an  
accelerator to detect  
new species in the  
lunar exosphere.  

Carbon-bearing species in the lunar exosphere preserve an imprint of the delivery of volatiles  
to the lunar regolith by solar wind and micrometeorite bombardment over the Moon’s history  

Halekas et al., Detections of lunar exospheric ions by the LADEE neutral mass spectrometer, Geophys. Res. Lett, 2015.   
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